Background. Functional magnetic resonance imaging (fMRI) is a promising method for quantifying brain recovery and investigating the intervention-induced changes in corticomotor excitability after stroke. This study aimed to evaluate cortical reorganization subsequent to virtual reality-enhanced treadmill (VRET) training in subacute stroke survivors. Methods. Eight participants with ischemic stroke underwent VRET for 5 sections per week and for 3 weeks. fMRI was conducted to quantify the activity of selected brain regions when the subject performed ankle dorsiflexion. Gait speed and clinical scales were also measured before and after intervention. Results. Increased activation in the primary sensorimotor cortex of the lesioned hemisphere and supplementary motor areas of both sides for the paretic foot (p < 0 01) was observed postintervention. Statistically significant improvements were observed in gait velocity (p < 0 05). The change in voxel counts in the primary sensorimotor cortex of the lesioned hemisphere is significantly correlated with improvement of 10 m walk time after VRET (r = −0 719). Conclusions. We observed improved walking and increased activation in cortical regions of stroke survivors after VRET training. Moreover, the cortical recruitment was associated with better walking function. Our study suggests that cortical networks could be a site of plasticity, and their recruitment may be one mechanism of training-induced recovery of gait function in stroke. This trial is registered with ChiCTR-IOC-15006064.
Introduction
Gait impairment is a common consequence of stroke, and the decreases in gait velocity, stride length, and cadence are hallmark features of gait pattern alterations in stroke survivors [1, 2] . Previous studies found that early intervention with physical therapy and gait training to restore walking after stroke was recommended to improve motor function and decrease disability [3, 4] . As gait impairments are a result of deficient neuromuscular control, a better understanding of the impact and mechanism of those interventions on gait pattern recovery after stroke is therefore essential.
Environmental factors act as critical determinants for the level of community ambulation of stroke patient [5] . The development of computers has resulted in virtual reality (VR) tools which can create life-like scenarios via visual, auditory, and tactile feedback and can provide subjects with a safe and stimulating learning environment [6] . VR has been increasingly used in poststroke rehabilitation; therapy interventions using VR may improve motor function for those patients [7] [8] [9] [10] [11] [12] [13] [14] [15] . VR system might represent the main neural substrate for relearning or resuming impaired motor functions following stroke. A key challenge in neurorehabilitation is to establish optimal training protocols for the given patient [10] . VR could provide a person with senses of encouragement and accomplishment [16] [17] [18] [19] . However, two main concerns need to be investigated. What kind of rehabilitation strategies can combine with VR, and what degree for those VR combined rehabilitation strategies can facilitate stroke patients? Recently, motor relearning strategies can be applied in VR-enhanced treadmill (VRET) training by numerous movement repetitions and a multisensory approach to stimulate brain plasticity and patients receive visual feedback which is close to real-life experience [12] . While the positive benefits of VRET exercise on gait speed, cadence, step length, community walking time, and balance have been demonstrated [7-9, 11, 12, 14, 15] , the associated changes of brain activity with this training have not been investigated yet.
Advances in imaging, such as blood oxygenation leveldependent functional magnetic resonance imaging (fMRI), have been allowed for the observation of changes in cerebral plasticity and the exploration of recovery mechanisms. The control of gait involves the planning and execution from multiple cortical areas, such as secondary and premotor cortex [11] . Ankle dorsiflexion is an important kinematic aspect of the gait cycle. Using ankle movement, Enzinger et al. [20] observed increased activation in the unlesioned hemisphere associated with increasing functional impairment of the paretic leg in patients with stroke. fMRI studies of patients after stroke have suggested that VR could increase neural activations in the primary motor areas and improve lateralization of primary sensorimotor cortex (SMC) activity [21] [22] [23] . We hypothesized that recovery of lower limb function after VRET would be associated with changes in brain activation during ankle dorsiflexion.
Therefore, the primary aim of this preliminary study was to investigate if functional reorganization takes place after VRET in subacute stroke survivors with gait impairment, using fMRI and an ankle dorsiflexion paradigm. Correlation between clinical scale changes after VERT and brain activation alterations was also studied to see the relations of the induction of cortical plasticity and functional recovery in subacute stroke survivors. We hope that the results of the current study could help to understand the mechanism of VRET as an early intervention for gait recovery for stroke.
Methods
2.1. Participants. Eight stroke survivors were recruited in this study, aged 41-72 years (mean: 58.38 years) and included 6 males and 2 females (Table 1 and Figure 1 ). Inclusion criteria:
(i) 18 to 80 years in ages; (ii) right-foot dominant; (iii) first incident of ischemic cortical or subcortical stroke which resulted in gait impairment; (iv) stroke was confirmed by MRI within the past 3 months of inclusion; (v) at least 10°o f dorsiflexion is available at the ankle. Exclusion criteria: (i) contraindication to MRI scan (implanted medical devices incompatible with MRI testing or claustrophobia); (ii) history of stroke resulted in function impairment; (iii) history of mental disorder or the use of antipsychotic medication; (iv) cognitive impairment (Mini-Mental State Examination score of less than 24 points); (v) unable to speak or hear; (vi) history of recent deep vein thrombosis of the lower limbs; (vii) recent myocardial infarction; (viii) medically unstable; (ix) existing lower extremity pathology. This study was approved by the Ethics Committee of the First Affiliated Hospital of Sun Yat-sen University (SYSU), and all subjects provided informed consent before the experiments.
2.2. Lesions. All patients had subcortical lesions that touched the basal ganglia and the internal capsule and in some patients extended towards occipital and frontal regions. Data from right hemisphere stroke patients were flipped in that all patients displayed their lesion in the left hemisphere. Therefore, the lesion maps were demonstrated precisely and compared directly for left to right hemispheric stroke patients ( Figure 1 ).
Intervention.
A virtual environment was displayed on a 42-inch-wide television screen in front of the treadmill. It created the simulations of walking in real-life environment. The scenarios where patients control their gaits consisted of street crossing, park stroll, obstacles striding across, and lane walking. All of the participants received 15 sessions of VRET training (five sessions per week over a 3-week period). Each session lasted up to 60 minutes with breaks as required. Treadmill velocity started at 0.22-0.40 m/s and was increased when normal step length was observed.
Clinical Outcome
Measures. Timed 10-meter walk test and fMRI data were collected within 3 days before the commencement of training (pre) and right after the last training session (post). Gait speed was measured by 10 meters (m) timed walk. Participants were asked to walk at a comfortable speed with or without an assistive device. The average speed of two tests was included in data analysis.
Lower limb impairment and balance were measured by the Fugl-Meyer Assessment: Lower Extremity (FMA-LE) [24] and the Brunel balance assessment scale [25, 26] . Measurements were recorded in stroke subjects at baseline and after 3 weeks of training by an experienced examiner.
2.5. fMRI Data Acquisition. fMRI was performed on a 3.0 T scanner (Siemens, Trio Tim, Germany) equipped for echo planar imaging. A 3D, high-resolution, T1-weighted data set of the entire brain was acquired for each subject (TR = 1460 ms, TE = 2.54 ms, field of view 214 × 245, matrix 256 × 256, and a slice thickness of 1 mm). Care was taken to cover all critical brain regions. For fMRI studies, blood oxygen level-dependent weighted scans (TR = 2000 ms, TE = 25 ms, field of view 200 × 200, matrix 64 × 64, and a slice thickness of 3 mm) were acquired.
The fMRI data collection protocol involved five active movement blocks for each participant. Each block was triggered by an auditory command. Active movement blocks were alternated with interspersed periods of absolute rest (20 seconds each). The total scanning time for unilateral movement of one foot was approximately 200 seconds. The activation task was repetitive active ankle dorsiflexion of the unilateral ankle in a purpose-built ankle-foot orthosis. The orthosis permits 5°of plantar flexion and 10°of dorsiflexion. A metronome was used as audio command to pace the movements (30 beats/min = 0.5 Hz).
Prior to scanning, each participant was asked to practice the movement requirements to ensure consistency.
Participants' heads were stabilized with straps on a foamcushioned holder to minimize head motion. The knees were flexed to approximately 135°by placing a soft roll beneath the knees. Both arms were stabilized to minimize movements. Verbal instructions were given to participants to close their eyes during the scan and not to think about ankle movements when at rest.
Data Analysis and Statistics.
Imaging data was analyzed using Statistical Parametric Mapping (SPM8; http://www.fil. ion.ucl.ac.uk/spm/software/spm8) implemented in MATLAB 7.0 (Mathworks, Natick, MA, USA). First, all volumes were realigned spatially to the middle volume after slice timing to correct for residual head movement. Any participant with head translations greater than 3 mm for any task condition was excluded from the study. Afterwards, all functional scans were normalized into the standard anatomic space template defined by the atlas of Talairach. Images were spatially smoothed using a Gaussian kernel of 8 mm full-width halfmaximum. Functional and structural images of participants with right hemispheric strokes were flipped from right to left so that the image of the left hemisphere represented the lesioned hemisphere. The affected ankle was therefore always the "right" one.
Using image analysis and general linear model statistics (SMP8, random effect module), single-subject contrasts were analyzed in the first-level analysis and then used in a secondlevel analysis for random effect analyses (one-sample t-test and paired t-test) to create group maps (p < 0 01, uncorrected for multiple comparisons across the whole-brain volume, and extent threshold = 20 voxels) separately for the different groups at each time point. Data analysis was performed by modeling the active and resting conditions as reference waveforms (box-car functions). Five regions of interest were selected: SMC (corresponding to paracentral lobule), SMA, the cingulate motor area, the anterior and posterior cerebellum, and the secondary somatosensory area. Data analysis was performed in SPSS (version 17.0). Descriptive statistics were used to describe the demographics and gait parameters. Paired t-test was used to evaluate the differences of walking ability and clinical scales between pre-and postintervention. Pearson correlation coefficients were computed to test for a relationship between the changes in 10 m walk time and brain activations in the regions of interest. Statistical significance was set at 0.05. 3.2. Cerebral Reorganization. During the active task performed at baseline with the affected foot, the SMC, the SMA and supramarginal gyrus contralateral and ipsilateral to the movement, and posterior cerebellum ipsilateral to foot movement were activated (Figure 2(a) and Table 3 ). During the active task performed at postinterventions with the affected foot, the SMC, the SMA, the cerebellum, cingulate motor area, and the supramarginal gyrus contralateral and ipsilateral to the movement were activated (Figure 2(b) and Table 3 ). At the second measurement, increased neural response of the SMC on the ipsilesional hemisphere and bilateral SMA revealed reorganization of the sensorimotor network ( Figure 3 and Table 3 ). No region was observed to decrease after VR-based training. No mirror movement was observed during fMRI scanning by visual inspection.
Results

Effect of VRET on Gait
There were no areas with significant changes of activation from pre to post associated with active movement of the unaffected foot versus rest. Brain activity with active movement of the paretic foot versus rest showed a negative correlation (r = −0 719, p = 0 044) between voxel change in SMC of the lesioned hemisphere and the decrease in time to complete the 10-meter walk after intervention (Figure 4 ).
Discussion
This study investigated the therapy-induced plasticity in patients who suffered subacute ischemic stroke by using fMRI. After VRET for three weeks, our recruited subjects demonstrated improvement of walking speed and lower extremity motor function. In the current fMRI study, as a first step to explore the neural correlates of VRET, we investigated that the increased activation in cortical regions of stroke survivors is associated with better walking function.
Gait Parameters
Gait speed is a reliable measurement of walking ability [23] . This study observed an increase in gait speed of greater than 0.16 m/s which exceeded the minimal clinically important difference previously reported [27] . At an early stage after stroke, similar gains were seen on the Fugl-Meyer and Berg balance scales in both groups [28, 29] . The results of this current study are consistent with published studies that early intervention can improve on balance and lower extremity motors functions in patients with subacute stroke. Findings of this study are consistent with previous studies that VRenhanced treadmill training which also revealed improvement of gait function for individuals with stroke [7] [8] [9] 14] . When VR was combined with treadmill training, the speed of the patient's viewpoint motion in the virtual environment is matched to the speed of the treadmill. Patients receive visual feedback which is close to real-life experience [7] . This combination provided patients after stroke with defined goals and a sense of accomplishment, and their neuroplasticity increased through repetitive exercises of lower extremities, resulting in improved gait ability [11, 12] .
Cortical Reorganization
VR training provided patients with different motor sensory stimulations, which is needed in neural reorganization in the brain [30] . Multisensory (visual and auditory) feedback provided by VR systems allows the central nervous system to better control the position and orientation of body segments [5] . The degree to which motor ability is regained depends on the size of neuronal populations reorganize induced by interventions. Before training, the bilateral SMC and SMA were activated (Figure 2(a) and Table 3 ). Subactue stroke patients may have increased activation in SMC and SMA after receiving three weeks of treadmill-enhanced VR training ( Figure 3 and Table 3 ). The fMRI data recorded in this study is consistent with other report of cortical contribution in poststroke functional recovery [3] . You et al. [22] found that, however, before the VR training, the ipsilateral SMA, along with the bilateral primary motor cortex and SMC, was activated but was suppressed after VR training. Differences between our design and those of You et al. [22] (such as subacute ischemic stroke patients versus chronic ischemic or hemorrhage stroke patients and treadmillenhanced VR training versus the IREX VR system) may have led to the distinctions in the observed results. Moreover, the addition of VR may have contributed to the significant improvements seen in the participants by keeping them concentrating more intently on the task so that increased motor learning occurred [6, 8] . Patients in this study increased the gait velocity and decreased the 10 m walk time, but we need further study to investigate the exact underline mechanism. In this study, the phase of reorganization showed hyperactivation in ipsilesional SMC ( Figure 3 and Table 3 ). Improved SMC activation in the affected hemisphere is one of the common mechanisms underlying functional recovery of the paretic limbs [31] . Expansion of SMC activation after stroke probably reflect the "unmasking" of preexisting but normally inactive representations or "recruitment" of neurons/connections not normally devoted to this function [32, 33] . Repetitive practice of the affected limb may increase efficacy of existing synapses and facilitate synaptic proliferation and axonal sprouting from surviving neurons, thus increase neuroplasticity and associated motor improvement [34] .
Another finding was the recruitment of SMA after VRET training ( Figure 3 and Table 3 ). The SMA plays a crucial role in the synchronization of bimanual movements [35] . Recent study suggested that primary motor cortex had a crucial role along with SMA during the motor execution task [36] . Enhancement of SMA activity could benefit primary motor cortex dysfunction in stroke survivors [37] . fMRI study of healthy subjects showed that VR induces activation in brain areas associated with motor control, including the SMA, the inferior parietal cortex, and the inferior frontal cortex [10] . This study suggested that an increase in cortical activation after therapy potentially reflecting the fact that cortical networks may be involved in mediating the effects of treadmill-enhanced VR training.
Neuroimaging findings suggested that VR could induce cortical reorganization of the neural locomotor pathways [10, 22, 23, 25] . This cortical reorganization was associated with notable gain in locomotor function [22, 25] . For example, You and coworkers investigated the correlation between remodeling of the brain and recovery of lower limb function of patients with stroke after VR training, and they found that VR could induce cortical reorganization from aberrant ipsilateral to contralateral SMC activation. Similar to our findings which further included a measure of voxel counts of SMC and SMA and correlated gait functions, we think this kind of enhanced cortical reorganization might play an important role in the recovery of functional ambulation in patients with stroke. In addition, the addition of VR may have contributed to the significant improvements seen in the participants by keeping them concentrating more intently on the task and providing extrinsic motivation.
VRET training may activate many brain regions associated with motor skills and related experiences. According to our results, there exist correlations between the increase of voxel counts in the SMC of the affected hemisphere and the improvement of the time to walk 10 m. The greater the activation increased in lesioned SMC, the better the ambulation recovery ( Figure 4) . Activation in the contralesional SMC did not correlate with positive recovery. The correlation results suggested that cortical networks could be the site of plasticity or compensatory activation, and their recruitment may be one mechanism by which treadmill-enhanced VR training improves walking in hemiparetic stroke.
Limitation
This study has several limitations which need cautions for the interpretation and generalizability of the data. One of the limitations was that the sample size was relatively small (n = 8) and the recruited subjects in this study have high gait functioning level and could perform voluntary ankle movements in fMRI. Further researches are needed both to enlarge the sample size and to study whether patients with severe functional impairments could also benefit from VRET. Second, the key focus of this preliminary study was to assess if VRET treatment program can induce brain activity changes in subacute stroke survivors and then there was a lack of a control group and limited for confident conclusions. However, previous studies [31] suggested that brain activity changes associated with "spontaneous" recovery and those with training for rehabilitation may be different. The former after stroke is associated with decreased activation in brain motor control regions, whereas increase activation in specific regions within the broader control network accompanies performance gains after rehabilitation poststroke. Our results were consistent with this notion and observed increases in activation with improved gains after VRET training. Meanwhile, previous animal studies have demonstrated that induction of proteins is associated with endogenous neural repair within the first 2 weeks after an ischemic insult [38] . Our study focused on the subacute stroke patients from 3 weeks poststroke to 12 weeks poststroke. The functional recovery in our patients may be more involved in the effect of therapeutic intervention. Moreover, we drew our conclusion based on comparing our results with previous studies. Further randomized control trial with large sample size might warrant if research studies target on comparison of treatment effects of the VRET to conventional PT and/or natural recovery associated changes in brain activity.
Conclusions
Clinically meaningful improvements in measures of walking ability were found in post-subacute stroke subjects after 3 weeks of virtual reality-enhanced treadmill training. VRET training effect might be associated with increased activation of cortical networks participating in the voluntary ankle dorsiflexion, as displayed by fMRI. SMC recruitment was correlated with decreases in the patient's 10 m walk time. Taken together, these findings gave some clues for the clinical rehabilitation management and the potential mechanisms that VRET may be a suitable therapy for subacute ischemic stroke patients with abnormal gait patterns and poststroke cerebral plasticity could be augmented through the use of VRET.
